Introduction
============

Monodisperse nanoparticles have emerged as an important research target due to their superior biomedical, electronic, optical, and magnetic applications than polydisperse nanoparticles.[@b1-ijn-11-6621] Moreover, their uniform nano-sized dimensions have been favorable in medical diagnostics,[@b2-ijn-11-6621] pharmacy,[@b3-ijn-11-6621] preparation of cosmetics[@b4-ijn-11-6621] and catalysts,[@b5-ijn-11-6621] and water treatment.[@b6-ijn-11-6621] An important and challenging task in the current situation is to develop a one-step, rapid, economical, and eco-friendly methodology which evades the use of hazardous chemicals and excessive energy consumption.[@b7-ijn-11-6621],[@b8-ijn-11-6621] Thus, green methodologies can be helpful to the development of metallic nanoparticles, especially for the benefit of human health.[@b9-ijn-11-6621] In this study, an unprecedented rapid synthesis of functional gold nanoparticles (AuNps) and monodisperse silver nanoparticles (AgNps) is reported using an aqueous extract of black *Panax ginseng* Meyer root by green chemistry.

*P. ginseng* Meyer is a famous traditional medicinal plant widely used in China, Republic of Korea, Japan, and other Asian countries.[@b10-ijn-11-6621] Its major principal and bioactive components are ginsenosides; in recent decades, more than 180 ginsenosides have been isolated and reported in various pharmacological and pharmaceutical studies.[@b11-ijn-11-6621],[@b12-ijn-11-6621] Ginsenosides and ginseng extract have been reported to possess antiaging, anticancer, antistress, antidiabetic, antioxidant, and anti-inflammatory effects.[@b13-ijn-11-6621]--[@b15-ijn-11-6621] The nine-time repetitive steaming process that transforms white ginseng (WG) into red ginseng (RG) and black ginseng (BG) significantly increases the pharmacological activities of bioactive components.[@b16-ijn-11-6621] It was reported that ginsenosides 20(S)-Rg3, 20(R)-Rg3, Rk1, and Rg5 exist in RG and BG but not in WG. Specifically, these specific ginsenosides which exist in RG as minor ginsenosides are much increased in BG ([Figure S1](#SD1-ijn-11-6621){ref-type="supplementary-material"}) with increasing pharmacological activity against human cancer cells.[@b17-ijn-11-6621] In addition, the acidic polysaccharide contents of ginseng extracts are present in the following order: BG \> RG \> WG. Furthermore, the reducing sugars and phenolic contents in BG are much higher than WG and RG.[@b16-ijn-11-6621] In light of these enhanced physicochemical properties and ginsenoside contents of BG, the biosynthesis route utilizing black *P. ginseng* Meyer root extract is propitious for the development of multifunctional nanoparticles with in vitro biological applications.

AuNps have emerged as promising agents for cancer diagnosis and therapy. They also have demonstrated excellent biomedical applications as mediators in drug delivery and biomedical imaging.[@b2-ijn-11-6621],[@b18-ijn-11-6621] Ultrafine AuNps have been reported as safe for use in drug delivery system in a recent in vivo study by Naz et al.[@b19-ijn-11-6621] They concluded that long-term exposure to AuNps did not cause noticeable deterioration in mice and complete elimination through urinary excretion was observed. Furthermore, AgNps have been explored rigorously as antibacterial agents in textiles, wound dressings, and medical devices.[@b20-ijn-11-6621]--[@b25-ijn-11-6621] Likewise, they have received notoriety due to their enhanced antimicrobial, anticoagulant, biofilm-inhibiting, anticancer, and anti-inflammatory efficacies, which make them ideal candidates on biomedical platform.[@b26-ijn-11-6621]

This is the first study to report the biosynthesis of functional BG-AuNps and monodisperse BG-AgNps using black *P. ginseng* Meyer root extract which has important in vitro biological applications. Biosynthesized nanoparticles were thoroughly characterized and evaluated for their scavenging activities against 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals. In addition, BG-AgNps were tested for their antimicrobial activity against *Escherichia coli* and *Staphylococcus aureus*. Lastly, in vitro cytotoxicity of the biosynthesized nanoparticles was studied in human keratinocyte (HaCaT) and human breast adenocarcinoma (MCF-7) cell lines.

Materials and methods
=====================

Materials
---------

Korean WG (*P. ginseng* Meyer) was obtained from Ginseng Genetic Resource Bank (Suwon, Republic of Korea). Silver nitrate (AgNO~3~), gold (III) chloride trihydrate (HAuCl~4~·3H~2~O), DPPH, and gallic acid were purchased from Sigma-Aldrich Chemicals (St Louis, MO, USA). Bacterial growth media (Difco™) were purchased from MB Cell (Seoul, Republic of Korea). The pathogenic bacterial strains *E. coli* (ATCC 10798) and *S. aureus* (ATCC 6538) were used. Antibiotic discs were obtained from Oxoid Ltd. (England). The bacterial strains were cultured on nutrient agar media at 37°C for 24 hours and preserved at 70°C in glycerol stock vials for further study.

Preparation of aqueous extract of black *P. ginseng* Meyer root
---------------------------------------------------------------

Black *P. ginseng* Meyer root was obtained after nine-time repetitive steaming of WG at 100°C for 3 hours and drying at 60°C for 24 hours.[@b27-ijn-11-6621] BG root powder was obtained by pulverizing BG root. To obtain BG root extract, 5 g of BG root powder was boiled for 30 minutes with 100 mL of sterile distilled water. After 30 minutes of boiling, the BG root extract was recovered by filtering the solution using Whatman filter paper. The collected extract was centrifuged at 10,000 rpm for 10 minutes, and the supernatant was obtained. The total volume of filtrate was maintained at 100 mL and stored at 4°C for further use ([Scheme 1](#f10-ijn-11-6621){ref-type="fig"}).[@b28-ijn-11-6621]--[@b30-ijn-11-6621]

Green synthesis of AuNps and AgNps
----------------------------------

Five milliliters from the 100 mL BG stock filtrate was mixed with 25 mL of sterile distilled water. The precursor gold and silver salts were added into their respective mixtures to reach a final concentration of 1 mM. The effect of temperature was studied by performing the bioreduction at different reaction temperatures. Kinetics of the bioreduction was studied by recording ultraviolet--visible (UV--Vis) absorbance at the optimal temperature as a function of time. The change in the color of the reaction mixtures indicated the formation of BG-AuNps and BG-AgNps in the respective reaction mixtures. After the color change was observed, biosynthesized nanoparticles were purified and collected: the reaction mixture was first centrifuged at 2,000 rpm for 10 minutes to remove any other undesirable components. Then, the mixture was continuously washed with sterile distilled water and centrifuged at 16,000 rpm for 15 minutes to obtain the nanoparticles in pellet form. Finally, the purified nanoparticles were air dried overnight and obtained in powder form. The products were further characterized by UV--Vis spectrophotometry, field emission transmission electron microscopy (FE-TEM), energy-dispersive X-ray spectrometry (EDX), X-ray diffraction (XRD), selected area electron diffraction, elemental mapping, particle size analyzer, and Fourier transform-infrared (FTIR) spectrometry.

Characterization of BG-AuNps and BG-AgNps
-----------------------------------------

UV--Vis spectroscopy was used to verify the reduction of metal ions into metallic nanoparticles. Small aliquots of the respective solution (200 µL) were scanned in the range of 300--800 nm using a UV--Vis spectrophotometer with a 10 mm pathlength quartz cuvette (2100 Pro; Amersham Biosciences Corp., Little Chalfont, UK).

The size, shape, and purity of the nanoparticles were analyzed using a JEM-2100F electron microscope operated at a voltage of 200 kV (JEOL, Tokyo, Japan). Droplets of purified nanoparticles were placed on carbon-coated copper grids and allowed to dry in an oven at 60°C.

The XRD analyses were performed on an X-ray diffractometer (D8 Advance; Bruker, Billerica, MA, USA) operated at 40 kV and 40 mA, with CuK α radiation of 1.54 Å, at a scanning rate of 6°/minute and a step size of 0.02°. Samples were scanned over the 2*θ* range of 20°--80°. The average crystal size diameter of metal nanoparticles was calculated by Debye--Scherrer equation: *D* = 0.9*λ*/*β* cos *θ*, where *D* is the crystallite size (nm), *λ* is the wavelength of CuK α radiation (nm), *β* is the full width at half maximum (FWHM) (radians), and *θ* is half of the Bragg angle (radians).[@b31-ijn-11-6621]

A particle size analyzer was used to examine the distribution profile of nanoparticles using dynamic light scattering (DLS; DLS-Photal; Otsuka Electronics, Tokyo, Japan) technique. The hydrodynamic (*Z*-average) diameter and polydispersity index (PDI) were evaluated at 25°C. A dispersive medium of pure water with a refractive index of 1.3328, viscosity of 0.8878, and dielectric constant of 78.3 was used as a reference.

To examine the nature of biomolecules responsible for providing protective capping layer around the nanoparticles, FTIR measurements were performed on a PerkinElmer Spectrum One FTIR spectrometer in the range of 4,000--450 cm^−1^ and at a resolution of 4 cm^−1^.

To study the stability of the biosynthesized nanoparticles, reaction mixtures were stored for different time intervals at room temperature and 37°C in distilled water, 20 mM glycine--HCl buffer (pH 2.0), citric acid--sodium citrate buffer (pH 5.0), sodium phosphate buffer (pH 7.0), Tris--HCl buffer (pH 8.0), and 5% bovine serum albumin (BSA).[@b32-ijn-11-6621] Stability of the nanoparticles was confirmed if there was no significant alteration in the absorbance and surface plasmon wavelength observed by a UV--Vis spectrophotometer.

Antimicrobial activity of BG-AgNps
----------------------------------

The antimicrobial activity of BG-AgNps was evaluated against pathogenic microorganisms *E. coli* (ATCC 10798) and *S. aureus* (ATCC 6538). Zones of inhibition were measured on Muller--Hinton agar (MHA) plates using the disc-diffusion method. In this assay, the MHA agar plates were spread evenly with 100 µL of an overnight log culture of each pathogenic microorganism in lysogeny broth media with an optical density of 0.1. Standard antibiotic disc of neomycin (30 µg/disc) was maintained as control and placed onto inoculated MHA agar plates. Next, on separate MHA agar plates previously streaked by pathogens, different concentrations of the purified BG-AgNps solution (15, 30, and 45 µg/disc) were added onto sterile paper discs. The plates were incubated at 37°C for 24 hours. Finally, the zones of inhibition around sterile discs impregnated with BG-AgNps were measured and compared against antibiotic discs. All experiments were performed in triplicates to check reproducibility, and their means ± standard errors were calculated.[@b19-ijn-11-6621],[@b26-ijn-11-6621]

In vitro DPPH radical-scavenging assay
--------------------------------------

Free radical-scavenging activity of BG-AuNps and BG-AgNps was evaluated by a modified DPPH-scavenging method.[@b33-ijn-11-6621] To 0.3 mL of purified nanoparticle solution was added 2.7 mL of 0.1 mM DPPH solution in 80% methanol.[@b34-ijn-11-6621] Different concentrations of metal nanoparticle solutions (4, 6, 8, 10, and 20 µg/mL) were utilized to determine IC~50~ by linear regression analysis. Each mixture was sonicated in the dark at room temperature for 30 minutes. Supernatants were collected by centrifugation, and absorbance was measured at 517 nm using a UV--Vis spectrophotometer.[@b33-ijn-11-6621] The DPPH free radical-scavenging activity was evaluated using the following formula: (\[Absorbance of control - Absorbance of sample\]/Absorbance of control) ×100, where Absorbance of sample is the absorbance of the DPPH solution with nanoparticles and Absorbance of control is the absorbance of the DPPH solution without nanoparticles.[@b35-ijn-11-6621] Gallic acid was used as positive control. All experiments were performed in triplicates to check reproducibility, and their means ± standard errors were calculated.

In vitro MTT cell proliferation assay
-------------------------------------

HaCaT and MCF-7 cell lines were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Both cell lines were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco-BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (WelGENE Inc., Daegu, Republic of Korea) at 37°C in a humidified atmosphere containing 5% CO~2~ and 95% air.[@b36-ijn-11-6621] The cytotoxicity of BG-AuNps and BG-AgNps in HaCaT and MCF-7 cell lines was examined using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Life Technologies, Eugene, OR, USA) assay. Both cell lines were maintained in DMEM and seeded at a density of 1×10^4^ cells per well in a 96-well plate (Corning Incorporated, Corning, NY, USA) and then treated with different concentrations of BG-AuNps and BG-AgNps (0, 1, 10, and 100 µg/mL) at 37°C for 72 hours at 90% confluency. After 3 days of incubation, 10 µL of MTT assay solution (5 mg/mL phosphate-buffered saline \[PBS\]) was added to each well and further incubated at 37°C for 4 hours. Then, 100 µL of dimethyl sulfoxide was added to dissolve the formazan crystals. Finally, the absorbance of each well was measured at 570 nm using an enzyme-linked immunosorbent assay reader (Bio-Tek Instruments, Inc., Winooski, VT, USA). The optical density of formazan formed in untreated cells (negative control) represented 100% cell viability. All experiments were performed in triplicates to check reproducibility, and their means ± standard errors were calculated.[@b36-ijn-11-6621]

Reactive oxygen species (ROS) generation and Hoechst nuclear staining
---------------------------------------------------------------------

The generation of ROS was determined by 2′,7′-dichlorofluorescein diacetate (DCFH-DA) reagent as described previously.[@b36-ijn-11-6621] Briefly, MCF-7 cells were plated in a 12-well plate. After 24 hours of incubation, the cells were treated with different concentrations of BG-AuNps and BG-AgNps for 48 hours. The cells were washed with PBS and incubated with 10 µM DCFH-DA at 37°C for 30 minutes. The DCF fluorescence was measured using fluorescence multi-well plate reader at excitation and emission wavelengths of 485 and 528 nm.

MCF-7 nucleus staining was done by the following or previous procedure.[@b37-ijn-11-6621] In brief, cells were plated in six-well plates and incubated for 24 hours. Nanoparticles were added to each well according to the experimental groups, and incubated for 72 hours. The cells were washed twice with 1× PBS and fixed with 3.7% (v/v) formaldehyde for 5 minutes at room temperature. Prior to staining, the cells were washed twice with 1× PBS and stained with 2 µg/mL Hoechst for 30 minutes in dark conditions at room temperature. Images of the Hoechst fluorescence were captured using a fluorescence microscope (×400; Optinity; Korean Labtech) for further analysis.

Results and discussion
======================

Effect of temperature and kinetics of BG-AuNps and BG-AgNps synthesis
---------------------------------------------------------------------

In this study, a green and rapid synthesis of multifunctional BG-AuNps and monodisperse BG-AgNps was achieved extracellularly using an aqueous extract of black *P. ginseng* Meyer root. To the authors' knowledge, this is the first report on the biosynthesis of BG-AuNps and BG-AgNps using BG root extract without the addition of hazardous solvents and capping agents. The extract of BG root contains many phytochemicals, some of which are more abundant than those found in RG and WG as previously explained. These phytochemicals, including ginsenosides, play an important role in the synthesis of BG-AuNps and BG-AgNps. A previous in situ study by Leonard et al demonstrated the synthesis of stable and monodisperse AuNps using RG root powder. They suggested that phytochemicals within *P. ginseng* Meyer plant functioned as excellent reducing and stabilizing agents which prevented AuNps from further aggregation.[@b32-ijn-11-6621]

The formation of BG-AuNps and BG-AgNps was observed by a UV--Vis spectrophotometer at different reaction temperatures and times. [Figure 1A and B](#f1-ijn-11-6621){ref-type="fig"} shows that at room temperatures (23°C), surface plasmon wavelengths (*λ*~max~) of BG-AuNps and BG-AgNps could be detected. This shows that the formation of BG-AuNps and BG-AgNps could be achieved at an ambient temperature, albeit with a slow reduction rate. When temperature was raised to 90°C in both instances, major absorption peaks at 548 and 412 nm of BG-AuNps and BG-AgNps, respectively, became much more pronounced. As shown by the results, the optimal temperature for the synthesis of nanoparticles was 90°C ([Figure 1A and B](#f1-ijn-11-6621){ref-type="fig"}). Previous studies have established that an increase in reaction temperature leads to a decrease in nanoparticle size, whereas a decrease in reaction temperature results in an increase in particle size.[@b38-ijn-11-6621],[@b39-ijn-11-6621] However, at a temperature higher than 80°C--90°C, although the reaction kinetically becomes more agreeable, nanoparticle aggregation tends to become more prominent.[@b40-ijn-11-6621]

The reduction of silver nitrate and gold (III) chloride trihydrate was evident from the color change of the reaction mixture observed visually after the incubation period at 90°C. In case of BG-AgNps, the reaction mixture completely turned to brown within a hour, and no further color change was observed after 4.5 hours of incubation ([Figure 1D](#f1-ijn-11-6621){ref-type="fig"}). Similarly for BG-AuNps, the reaction mixture completely turned to purple after 3 minutes of incubation period at 90°C and was completed in 25 minutes ([Figure 1C](#f1-ijn-11-6621){ref-type="fig"}). A negative control (BG root extract) without precursor salts was prepared alongside the reaction mixtures, and no color change was observed. This indicated that color changes were prompted by the reduction of metal ions into their respective nanoparticles. The intense color change to deep brown and purple observed in the reaction mixtures was the response of surface plasmon resonance due to the oscillation of free electrons of the conduction band of BG-AuNps and BG-AgNps, respectively.[@b41-ijn-11-6621],[@b42-ijn-11-6621] Furthermore, the activation energy, *E*~a~, and rate constants, *k*, were calculated from Arrhenius equation. The values of rate constants at different temperatures are shown in [Table 1](#t1-ijn-11-6621){ref-type="table"}. As the reaction temperature increased to 90°C, the reduction became kinetically more favorable (ie, higher rate constant). The values of activation energy of gold and silver bioreduction were estimated to be 40.69 and 25.06 kJ/moL, respectively. The bioreduction of gold had a higher *E*~a~ value than silver, and thus, the reaction was more sensitive to temperature change than the bioreduction of silver ions.

Structural and morphological characterization of BG-AuNps and BG-AgNps
----------------------------------------------------------------------

The FE-TEM results revealed that the BG-AuNps and BG-AgNps were icosahedral and spherical ([Figure 2A and E](#f2-ijn-11-6621){ref-type="fig"}). EDX analysis was conducted to analyze the purity of the purified BG-AuNps and BG-AgNps. Maximum EDX peaks were determined at 2.3 and 3 keV, which were the characteristic peaks of metallic gold and silver, respectively ([Figure 2D and H](#f2-ijn-11-6621){ref-type="fig"}). Moreover, the elemental mapping results showed the distribution profile of BG-AuNps and BG-AgNps in their respective FE-TEM image ([Figure 2B and F](#f2-ijn-11-6621){ref-type="fig"}). Elemental mapping revealed that gold (red) and silver (green) were the prevailing elements in the corresponding nanoparticles, further validating the purity of the biosynthesized nanoparticles ([Figure 2C and G](#f2-ijn-11-6621){ref-type="fig"}).

The metallic crystal structure of the biologically synthesized BG-AuNps and BG-AgNps was analyzed by XRD. The experiment was performed by scattering a beam of X-rays to diffract through atoms of nanoparticle crystals. The characteristic peaks of biosynthesized BG-AuNps and BG-AgNps were computed in the spectrum of 2*θ* value ranging from 20° to 80°. Four peaks were obtained from each sample ([Figure 2I--J](#f2-ijn-11-6621){ref-type="fig"}). The characteristic peaks of gold (measured at 38.33°, 44.31°, 64.90°, and 77.69°) and silver (measured at 38.22°, 44.24°, 64.26°, and 77.69°) were indexed to diffraction peaks of (111), (200), (220), and (311) lattice plane of Bragg's reflection. The intensities measured at (111) lattice planes were much higher in the XRD spectra, which suggested that the metal nanoparticles were face-centered cubic and (111) oriented. The average diameter of metal nanoparticles was estimated by Debye--Scherrer equation.[@b31-ijn-11-6621] The biogenic BG-AuNps and BG-AgNps were found to have an average crystallite size of 5 and 8 nm, respectively. The hydrodynamic size distributions of BG-AuNps and BG-AgNps were detected using DLS analysis. The DLS analysis results showed the distribution of nanoparticles with respect to number, volume, and intensity ([Figure 3](#f3-ijn-11-6621){ref-type="fig"}). The results showed that the *Z*-average size of BG-AgNps was 213.20 nm with a PDI value of 0.10, which indicates that the biosynthesized BG-AgNps were monodisperse with a narrow distribution.[@b26-ijn-11-6621] The *Z*-average size of BG-AuNps was 273.40 nm with a PDI value of 0.13, which suggested that the biosynthesized BG-AuNps were moderately polydisperse in nature.

FTIR spectra of silver salt (curve a), gold salt (curve b), BG-AgNps (curve c) and BG-AuNps (curve d) are demonstrated in [Figure 4](#f4-ijn-11-6621){ref-type="fig"} and were compared against BG root extract (curve e) which acted as the positive control. The FTIR spectrum of the BG root extract showed strong peaks at 3,428, 1,630, and 1,027 cm^−1^ which corresponded to O--H stretching vibration of hydroxyl groups in polyphenylene flavonoids, C=O stretching vibration of tertiary amine linkages due to amino acid or protein residues, and C--O stretching of flavonoid esters, respectively.[@b43-ijn-11-6621],[@b44-ijn-11-6621] Additionally, shared medium peak at 2,927 cm^−1^ indicated the vibration of C--H stretching of methyl groups.[@b45-ijn-11-6621] The FTIR spectra of BG-AuNps and BG-AgNps showed similar peaks as BG root extract spectrum, albeit with different intensities. BG-AgNps exhibited weaker bands (3,422, 2,917, 1,635, and 1,025 cm^−1^) than the biomolecules surrounding BG-AuNps (3,421, 2,918, 1,637, and 1,021 cm^−1^). This was further supported by the smaller hydrodynamic diameter (ie, smaller protective capping layer) of BG-AgNps compared to BG-AuNps. Thus, polyphenylene flavonoid, proteins, and flavonoid esters in the BG root extract may have been responsible for the reduction and capping of biosynthesized BG-AuNps and BG-AgNps.[@b46-ijn-11-6621]

The stability of the nanoparticles was evaluated by analyzing their UV--Vis absorbance spectrum before and after the incubation in different pH conditions (pH 2.0--8.0) at 37°C. Overall, there was no apparent difference in absorbance and surface plasmon wavelength (*λ*~max~) in reaction mixtures with distilled water, sodium phosphate buffer (pH 7.0), Tris--HCl buffer (pH 8.0), and 5% BSA solution at room temperature and 37°C after 7 days. These results confirmed the colloidal stability of BG-capped gold and AgNps in pH 7.0--8.0 and biological media (5% BSA).

Antibacterial activity of BG-AgNps against *E. coli* and *S. aureus*
--------------------------------------------------------------------

Various studies have shown the antibacterial activity of AgNps against pathogenic microorganisms.[@b47-ijn-11-6621],[@b48-ijn-11-6621] In this study, antibacterial activity of BG-AgNps was evaluated using standard zone-of-inhibition microbiology assay, as compared to standard antibiotics ([Figure 5A and B](#f5-ijn-11-6621){ref-type="fig"}). [Figure 5A and B](#f5-ijn-11-6621){ref-type="fig"} shows the dose-dependent antimicrobial activity of BG-AgNps tested against pathogenic *E. coli* and *S. aureus* at three (15, 30, and 45 µg) different concentrations. Based on the zones of inhibition summarized in [Figure 5C](#f5-ijn-11-6621){ref-type="fig"}, biosynthesized BG-AgNps demonstrated effective zones of inhibition against *E. coli* and moderate inhibition against *S. aureus*. BG-AgNps given at 30 µg/disc were debilitated by aggregation, and thus were not able to demonstrate larger zones of inhibition. The mechanism of antimicrobial activity of BG-AgNps has yet to be elucidated. However, it is suggested that the positively charged silver ions accumulated around the nanoparticles damage cell membranes, which ultimately leads to loss of permeability and cell death.[@b26-ijn-11-6621] The zone of inhibition may be caused due to the large surface area of AgNps which provides better surface contact to microorganisms. An increase of silver ions accumulating at the bacterial membrane may result in a concentration gradient and transmembrane movement of positive silver ions into the interior of cells, which ultimately leads to structural changes in the cell membrane, thereby causing loss of permeability and cell death.[@b26-ijn-11-6621],[@b49-ijn-11-6621],[@b50-ijn-11-6621]

Antioxidant activity of BG-AuNps and BG-AgNps
---------------------------------------------

In vitro DPPH assay of nanoparticles is determined as a rapid and simple method to assess free radical-scavenging ability. Free radical-scavenging ability of BG-AuNps and BG-AgNps was evaluated by monitoring the color change from purple to yellow at 517 nm by UV--Vis spectrophotometer. Stable free-radical molecules of DPPH were readily reduced by accepting hydrogen or electron from nanoparticles. The percentage inhibitions of BG root extract, BG-AuNps, and BG-AgNps are shown in [Figure 6A](#f6-ijn-11-6621){ref-type="fig"}. Inhibition was found to be slightly higher in BG-AgNps than in BG-AuNps. The IC~50~ values, which indicate the minimum concentration of the samples to scavenge 50% of the free radicals, were ascertained graphically, and the results are shown in [Figure 6B](#f6-ijn-11-6621){ref-type="fig"}. The IC~50~ values of BG-capped AgNps (2.05 µg/mL) were less than the value obtained for BG-capped AuNps (3 µg/mL), since silver acts as a better oxidant than gold.[@b34-ijn-11-6621] However, IC~50~ value of BG root extract (1.93 µg/mL) was less than the value of biosynthesized BG-AuNps and BG-AgNps. The DPPH radical inhibition of the precursor salts (AgNO~3~ and HAuCl~4~·3H~2~O) showed low percentage inhibition compared with their nanoparticle counterparts (data not shown). These results suggest that the increased free radical-scavenging activity of metal nanoparticles was attributed to the antioxidant activity of BG root extract. BG-AuNps and BG-AgNps biosynthesized using BG root extract show promising prospect for the development of novel and biologically synthesized antioxidant agents.

In vitro cytotoxicity of BG-AuNps and BG-AgNps in HaCaT and MCF-7 cells
-----------------------------------------------------------------------

Different concentrations of each nanoparticle ranging from 1 to 100 µg/mL were adopted for MTT assay ([Figure 7](#f7-ijn-11-6621){ref-type="fig"}). BG-AuNps showed no cytotoxicity toward HaCaT and MCF-7 cells as seen in [Figure 7A](#f7-ijn-11-6621){ref-type="fig"}. This finding supports the biocompatibility of BG-AuNps in cancer cell lines. On the other hand, BG-AgNps did not exhibit significant cytotoxicity toward HaCaT and MCF-7 cells at concentration lower than 10 µg/mL ([Figure 7B](#f7-ijn-11-6621){ref-type="fig"}). However, cell death was observed in HaCaT cells when exposed to high concentration (100 µg/mL).

Previous studies have reported the cytotoxic effect on MCF-7 cells of metallic nanoparticles.[@b51-ijn-11-6621],[@b52-ijn-11-6621] The absence of cytotoxicity suggests that they may be applied as cost-effective and reliable mediators in cancer diagnostics and antibacterial agents in wound healing.

Apoptotic activity of BG-AuNps and BG-AgNps in MCF-7 breast cancer cells
------------------------------------------------------------------------

Previous studies have reported the ability of metal-nanoparticle to induce apoptosis through the induction of ROS generation.[@b53-ijn-11-6621]--[@b55-ijn-11-6621] Furthermore, the induction of cytotoxicity has been linked to the generation of ROS by AgNps in different cancer cell lines.[@b37-ijn-11-6621],[@b54-ijn-11-6621] In this study, the potential activity to induce oxidative cell damage and apoptosis by BG-AuNps and BG-AgNps through ROS generation and nuclear morphology alteration in MCF-7 breast cancer cells was evaluated. It was found that BG-AuNps did not significantly enhance the production of ROS as well as the induction of morphological changes of the nucleus of MCF-7 cells ([Figure 8A](#f8-ijn-11-6621){ref-type="fig"}). On the other hand, BG-AgNps significantly increased ROS production at 100 µg/mL ([Figure 8B](#f8-ijn-11-6621){ref-type="fig"}). In addition, the apoptotic-positive cells, which exhibited nuclei fragmentation, were observed after treatment with 100 µg/mL of BG-AgNps ([Figure 9](#f9-ijn-11-6621){ref-type="fig"}). Previous studies have reported cell shrinkage, chromatin condensation, and nuclear fragmentation as potential signs of cell apoptosis.[@b56-ijn-11-6621],[@b57-ijn-11-6621] This result suggested the anticancer effect of BG-AgNps in MCF-7 breast cancer cell line. Further experiments are needed to elucidate the mechanism involved in this phenomenon.

Conclusion
==========

In the present study, a green synthesis approach for BG-AuNps and BG-AgNps is demonstrated for the first time using BG root extract. BG-AuNps and BG-AgNps were synthesized by a rapid, eco-friendly, and economical process in 3 minutes and 1 hour at 90°C, respectively. Moreover, the biosynthesized BG-AgNps were spherical and monodisperse with narrow distribution, while BG-AuNps were icosahedral-shaped and moderately polydisperse. The characterizations of BG-AuNps and BG-AgNps synthesized using WG, RG, and BG root extracts are displayed in [Table 2](#t2-ijn-11-6621){ref-type="table"}. The nanoparticles remained stable for 7 days in distilled water, sodium phosphate buffer (pH 7.0), Tris--HCl buffer (pH 8.0), and 5% BSA solution at room temperature and 37°C. The higher contents of ginsenoside and phytochemicals in BG, which form a protective capping layer surrounding the nanoparticles, played an important role in the bioreduction, stability, and enhanced free radical-scavenging activities of BG-AuNps and BG-AgNps. BG-AgNps also showed effective antibacterial activity against *E. coli* and *S. aureus*. In addition, BG-AuNps and BG-AgNps showed non-cytotoxicity in HaCaT and MCF-7 cells; the latter showed no significant cytotoxicity in HaCaT and MCF-7 cells at concentrations less than 10 µg/mL. Furthermore, BG-AuNps and BG-AgNps induced oxidative cell damage and apoptosis through ROS generation and nuclear morphology alteration in MCF-7 breast cancer cells, albeit in different capacities. Thus, the combinational antimicrobial, antioxidant, and cytotoxicity properties promote the utility of biogenic AuNps and AgNps in a wide range of biomedical applications.

Supplementary material
======================
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![Temperature-dependent UV--Vis spectra of the reaction mixture for BG-AuNps (**A**) and BG-AgNps (**B**). Time-dependent UV--Vis spectra of the reaction mixture for BG-AuNps (**C**) and BG-AgNps (**D**).\
**Abbreviations:** UV--Vis, ultraviolet--visible; BG, black ginseng; AuNps, gold nanoparticles; AgNps, silver nanoparticles; OD, optical density.](ijn-11-6621Fig1){#f1-ijn-11-6621}

![FE-TEM images of icosahedral BG-AuNps (**A**) and spherical BG-AgNps (**E**). Elemental mapping results indicate the distribution of element gold (**B**) and silver (**F**) nanoparticle pellet solution; gold (red) (**C**) and silver (green) (**G**). EDX spectra of BG-AuNps (**D**) and BG-AgNps (**H**). XRD results indicate the crystallinity of biosynthesized nanoparticles of BG-AuNps (**I**) and BG-AgNps (**J**).\
**Abbreviations:** FE-TEM, field emission transmission electron microscopy; BG, black ginseng; AuNps, gold nanoparticles; AgNps, silver nanoparticles; EDX, energy-dispersive X-ray spectrometry; XRD, X-ray diffraction.](ijn-11-6621Fig2){#f2-ijn-11-6621}

![Particle size distribution of BG-AuNps (**A**) and BG-AgNps (**B**) with respect to number, volume, and intensity.\
**Abbreviations:** BG, black ginseng; AuNps, gold nanoparticles; AgNps, silver nanoparticles.](ijn-11-6621Fig3){#f3-ijn-11-6621}

![FTIR absorption spectra of silver salt (a), gold salt (b), BG-AgNps (c), BG-AuNps (d), and BG root powder (e).\
**Abbreviations:** FTIR, Fourier transform-infrared; BG, black ginseng; AgNps, silver nanoparticles; AuNps, gold nanoparticles.](ijn-11-6621Fig4){#f4-ijn-11-6621}

![Antibacterial activity of BG-AgNps against *Escherichia coli* (**A**) and *Staphylococcus aureus* (**B**). Zone of inhibition of DH-AgNps and Neomycin as standard antibiotics as control against *E. coli* and *S. aureus* (**C**).\
**Abbreviations:** BG, black ginseng; AgNps, silver nanoparticles; AuNps, gold nanoparticles.](ijn-11-6621Fig5){#f5-ijn-11-6621}

![DPPH radical-scavenging activity of BG-AuNps and BG-AgNps using gallic acid as positive control (**A**) and IC~50~ comparison among gallic acid, BG, BG-AgNps, and BG-AuNps (**B**).\
**Abbreviations:** DPPH, 2,2-diphenyl-1-picrylhydrazyl; BG, black ginseng; AuNps, gold nanoparticles; AgNps, silver nanoparticles; GA, gallic acid.](ijn-11-6621Fig6){#f6-ijn-11-6621}

![In vitro cytotoxicity of BG-AuNps (**A**) and BG-AgNps (**B**) in HaCaT and MCF-7 cell lines (^\*^*P*\<0.05).\
**Abbreviations:** BG, black ginseng; AuNps, gold nanoparticles; AgNps, silver nanoparticles.](ijn-11-6621Fig7){#f7-ijn-11-6621}

![ROS generation of BG-AuNps (**A**) and BG-AgNps (**B**) in MCF-7 breast cancer cells.\
**Note:** ^\*^*P*\<0.05, ^\*\*^*P*\<0.01.\
**Abbreviations:** ROS, reactive oxygen species; BG, black ginseng; AuNps, gold nanoparticles; AgNps, silver nanoparticles.](ijn-11-6621Fig8){#f8-ijn-11-6621}

![Cell apoptosis of BG-AuNps (**A**) and BG-AgNps (**B**) in MCF-7 breast cancer cells by Hoechst nuclear staining.\
**Abbreviations:** BG, black ginseng; AuNps, gold nanoparticles; AgNps, silver nanoparticles.](ijn-11-6621Fig9){#f9-ijn-11-6621}

![Preparation and characterization of black ginseng root extract.\
**Abbreviations:** BG, black ginseng; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide; GA, gallic acid; AgNps, silver nanoparticles; AuNps, gold nanoparticles.](ijn-11-6621Fig10){#f10-ijn-11-6621}

###### 

Rate constants at different temperatures

  Temperature     60°C          80°C          90°C                                     
  --------------- ------------- ------------- ------------ ------------- ------------- -------------
  *k* (min^−1^)   1.10×10^−3^   5.57×10^−2^   1.9×10^−3^   1.45×10^−1^   2.30×10^−3^   1.81×10^−3^

**Abbreviations:** *k*, rate constant; AgNps, silver nanoparticles; AuNps, gold nanoparticles.

###### 

Synthesis of biological nanoparticles from white, red, and black *Panax ginseng* Meyer root extracts

  Nanoparticles                    WG          RG          BG                                  
  -------------------------------- ----------- ----------- ----------- ----------- ----------- -------------
  Size range (nm)                  10--30      10--40      10--30      10--30      5--30       5--30
  Average metallic diameter (nm)   6.07        1.63        --          --          8           5
  Hydrodynamic diameter (nm)       --          --          83          183         213.20      273.40
  PDI                              --          --          0.19        0.16        0.10        0.13
  Shape                            Spherical   Spherical   Spherical   Spherical   Spherical   Icosahedral
  Time (minutes)                   120         5           60          10          60          3
  Temperature (°C)                 80          80          80          80          90          90

**Abbreviations:** WG, white ginseng; RG, red ginseng; BG, black ginseng; AgNps, silver nanoparticles; AuNps, gold nanoparticles; PDI, polydispersity index.
